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THE INTESTINAL TRACT SERVES as a reservoir for tens of trillions of microorganisms (14) . Separated from mucosal immune cells by a single layer of polarized epithelial cells, these symbiotic inhabitants (collectively termed the gut microbiota) play a key role in shaping the development of the mucosal immune system, as well as providing essential nutrients and restricting the colonization of pathogenic organisms (31, 55) . To maintain intestinal homeostasis, the host immune system has evolved to confer immune tolerance to commensal bacteria, while retaining the ability to elicit an aggressive inflammatory response to invasive pathogenic bacteria. However, it has become increasingly clear that the composition of the gut microbiota, alongside host genetic, infectious, and environmental factors, also contributes to disease pathophysiology (66) . Indeed, changes in gut microbial composition (referred to as dysbiosis) are evident in a number of chronic inflammatory and metabolic diseases, such as inflammatory bowel disease (IBD; including Crohn's disease and ulcerative colitis) (38) , obesity (74, 75) , and atopy (58) .
While a definitive cause-and-consequence relationship between dysbiosis and disease has yet to be established in humans, decreased bacterial diversity and an altered ratio of beneficial vs. aggressive species is observed in one-third of patients with active IBD, including changes in Bacteroidetes and concomitant increases in Proteobacteria and Actinobacteria (21) . Thus, where the global response to a healthy gut microbiota is immune tolerance, with dysbiosis, the host response is skewed toward aberrant inflammation. In Crohn's disease, an increased prevalence of adherent-invasive Escherichia coli is reported in ileal biopsies (13) , whereas levels of butyrate-producing Faecalibacterium prausnitzii are reduced, and is predictive of disease relapse (70, 71) . Supplementation with Faecalibacterium prausnitzii in rodent models of experimental colitis ameliorates inflammation (39, 47) . Other studies demonstrate the beneficial effects of probiotics (defined as live microorganisms that confer health benefits to the host) in both clinical IBD and in relevant experimental models (9, 24) . Although these findings highlight the protective effects of beneficial microbes in the setting of dysbiosis and enterocolitis, the efficacy of probiotics is often strain and dose dependent (24, 53) and can be complicated by variations in host responses (36, 37, 53) and underlying disease severity (10) .
The prospect of mining the host commensal gut microbiota for beneficial bacterial strains that can impact immune function, and thus promote intestinal homeostasis, represents an attractive strategy to counteract dysbiosis and resulting disease. Indeed, rather than engage an absent or muted immune response, intestinal commensal bacteria can actively antagonize proinflammatory signaling (34, 48) .
In this study, we selectively cultivated subsets of commensal bacteria from the murine host and investigated the protective effects of these enriched commensal populations in the setting of C. rodentium-induced colitis, a well characterized murine model of both IBD (30) and infectious colitis (29) . The gramnegative, murine-specific pathogen induces attaching-effacing lesions and injects bacterial effector proteins into the host cell via a locus of enterocyte effacement pathogenicity islandencoded, syringe-like type III secretion system (17) . C. rodentium infection causes pronounced intestinal dysbiosis, involving overgrowth of the murine pathogen and a reduction in abundance and overall diversity of the commensal gut microbiota (43) . Mice develop self-limited inflammation of the cecum and colon, transmissible crypt epithelial cell hyperplasia, and immune responses similar to those seen in human IBD.
While C. rodentium infection initiates a vigorous Th1-driven proinflammatory response, neutrophil-dependent killing of the pathogen is also required to prevent bacterial dissemination and promote clearance of the infection (40) . Neutrophils release novel DNA-and protease-rich extracellular structures, termed neutrophil extracellular traps (NETs), which function to capture, contain, and kill bacteria (5, 11, 49, 83) . Our laboratory previously demonstrated the differential ability of beneficial and enteropathogenic bacteria to elicit NETs (77) . In this study, we further delineate this paradigm and report on the capacity of subsets of intestinal commensal bacteria from C. rodentium-infected mice to mobilize reactive oxygen species (ROS) and activate NETs.
MATERIALS AND METHODS
Ethics statement. All animal work was approved by the Hospital for Sick Children's Animal Research Ethics Board (protocol approval no. 22577) and adhered to the Canadian Council on Animal Care guidelines for humane animal use.
Bacterial strains and selective enrichment of intestinal microbes. To obtain a culture of lactobacilli-enriched gut bacteria (L-MRS), fecal pellets were harvested daily from treatment-naive mice (C57BL/6, aged 6 -7 wk, Charles River Laboratories, Wilmington, MA) and grown in static, nonaerated deMan Rogosa Sharp (MRS) broth (Difco Laboratories, Detroit, MI) for 16 h at 37°C. Cell density measurements (NanoDrop 2000c, Thermo Fischer Scientific, Wilmington, MA) were performed, and the bacterial culture adjusted to a density of 600-nm optical density (OD 600): 2.03 Ϯ 0.05 nm in fresh MRS broth. For comparative studies, Lactobacillus rhamnosus strain GG (LGG; ATCC 53103) was cultured in static nonaerated MRS broth for 16 h at 37°C, as previously described (77) . For infection studies, the attaching-effacing enteric pathogen Citrobacter rodentium, strain DBS 100 (kindly provided by the late David Schauer, Massachusetts Institute of Technology, Cambridge, MA) was cultured in static nonaerated Luria-Bertani (LB) broth (Difco Laboratories) for 16 h at 37°C, to yield a final concentration of 1 ϫ 10 9 colony-forming units (CFU)/ml. To investigate the capacity of the C. rodentium-infected gut microbial community to stimulate production of ROS and activate NETs, fecal pellets from sham-or C. rodentium-infected mice were harvested and cultivated in Tryptic Soy (TS) broth (Difco Laboratories), which promotes the growth of aerobic and facultative anaerobic bacteria (OD 600: 0.25 Ϯ 0.01 nm), LB broth (Difco Laboratories) to promote the growth of Escherichia coli (OD 600: 0.19 Ϯ 0.01 nm), or MRS broth (Difco Laboratories), promoting the growth of lactobacilli (OD 600: 0.58 Ϯ 0.03 nm), for 16 h at 37°C.
Animals. Male C57BL/6 mice (Charles River Laboratories, Wilmington, MA) aged 6 -7 wk, were given access to water and standard chow ad libitum. All mice were housed for a minimum of 7 days before initiation of experimental protocols (day 0). Thereafter, mice were orogastrically gavaged with 100 l of phosphate-buffered saline (PBS, Invitrogen, Burlington, ON), MRS broth (MRS; autoclaved for sterility), or the lactobacilli-enriched commensal gut bacteria (L-MRS) once daily for 7 days. In some experiments, mice were administered 5 ϫ 10 8 CFU/day of LGG for comparison. To investigate the impact of the enriched bacterial cultures on intestinal homeostasis, mice were either challenged with the murine pathogen C. rodentium (1 ϫ 10 8 CFU/mouse, orogastric gavage), or sham infected with an equal volume of sterile LB broth. Mice were killed by cervical dislocation at 10 days postinfection (day 17), and colonic and fecal samples were processed for analysis of intestinal injury, microbial composition, and capacity to activate neutrophils, respectively. Fecal samples were stored at Ϫ80°C before processing, or immediately recultured in TS, MRS, and LB broth cultures, as described above.
Morphology and histological analysis. Colons from sham-and C. rodentium-infected mice (administered PBS, MRS, or L-MRS) were excised, and their lengths measured following death (day 17). Histological analysis was performed to assess the extent of colonic injury. Briefly, distal colonic segments were harvested, fixed in 10% neutralbuffered formalin, and embedded in paraffin. Colonic samples were then sectioned, stained with hematoxylin and eosin, and visualized using a Leica DMI 6000B microscope equipped with a Leica DFC420 camera and Leica Application Suite Advanced Fluorescence software (Leica Microsystems, Concord, Ontario, Canada). Histopathology scoring (81) was performed on coded sections, and a numerical score assigned for severity of epithelial injury (graded 0 -3, from absent to mild, including superficial epithelial injury; moderate, including focal erosions; and severe, including multifocal erosion), the extent of inflammatory cell infiltrate (graded 0 -3, from absent to transmural), and goblet cell depletion (0 -1). Changes in crypt length, an indication of hyperplasia, were also measured and expressed as the average of 10 crypt length measurements per section of tissue, from 12 mice per group.
Intestinal permeability to macromolecules. To evaluate alterations in intestinal epithelial barrier function in vivo, serum recovery of a 4-kDa fluorescein isothiocyanate (FITC)-conjugated dextran probe (Sigma-Aldrich, Oakville, Ontario, Canada) was measured (63) . Briefly, mice were fasted overnight and then orogastrically gavaged with 100 l of FITC-conjugated dextran (88 mg/ml; in sterile PBS). After 4 h, mice were killed, and whole blood collected by cardiac puncture. Serum was obtained by centrifugation at 1,000 g (4°C, 20 min), and levels of FITC-conjugated dextran determined by fluorometry (Victor X3, Perkin Elmer, Woodbridge, Ontario, Canada).
Lipid peroxidation assay. Lipid peroxidation, employed as a marker of oxidative stress (16) , was measured in the distal colonic segments of sham-and C. rodentium-infected mice (administered PBS, MRS, or L-MRS). Briefly, colonic segments were collected at time of death (10 days postinfection; day 17) and stored at Ϫ80°C until used for measurement. The TBARS Assay Kit (Cayman Chemical, Ann Arbor, MI) was used to quantify malondialdehyde formation (a product of lipid peroxidation), following manufacturer's instructions. All tissue samples were normalized by weight, and the malondialdehyde adduct quantified colorimetrically at 530 -540 nM on a microplate reader (Victor X3, Perkin Elmer).
Microbial composition analyses. The microbial composition of murine fecal pellets was analyzed using quantitative RT-PCR (qPCR) and denaturing gradient gel electrophoresis (DGGE) (63) . Briefly, prokaryotic DNA was extracted using the QIAamp stool mini kit (QIAGEN, Mississauga, ON) and reconstituted to 10 ng/l. qPCR was conducted using SsoFast Eva-Green Supermix (Bio-Rad Laboratories, Mississauga, ON) and a CFX96 C1000 Thermal Cycler (Bio-Rad Laboratories, Mississauga, ON). Gammaproteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, and Lactobacillus were quantified using the 2 Ϫ⌬⌬CT method (41) and primers and expressed as fold change relative to sham-infected mice, as previously described (1, 62) .
Relative numbers of C. rodentium, as an indicator of pathogen colonization (32, 50) , were measured in fecal pellets using primers against espB, a gene encoding a secreted virulence factor (50) . qPCR analysis for espB has previously been used to confirm the identity of C. rodentium bacterial colonies (44, 45) , and transcriptional levels were shown to remain constant (17, 81) .
Bacterial 16S rRNA gene profiles of fecal bacteria, as well as selectively enriched (TS, LB, or MRS broth) bacterial populations from sham and C. rodentium-infected mice, were generated by DGGE. Briefly, gels were prepared using the primers 357f-GC and 518r, 30 -70% denaturing gradients, and 8% polyacrylamide gels. Gels were run at 80 V for 16 h (DGGE-2001, C.B.S. Scientific, San Diego, CA), stained with SYBR Gold (Invitrogen, Burlington, Ontario, Canada), and visualized with a Typhoon FLA 9500 Molecular Imager (GE Healthcare, Mississauga, Ontario, Canada). Community profiles were subjected to cluster analysis using Gelcompar II (Applied Maths, Sint-Marten-Latem, Belgium) with Dice's band-matching coefficient and unweighted pair group method with arithmetic averages. Individual bands were excised, reamplified, and sequenced, as described previously (82) . Sequencing was performed at the Centre for Applied Genomics (The Hospital for Sick Children, Toronto, ON, Canada) with their respective primers. The sequences were assembled and aligned by BioEdit [http://www.mbio.ncsu.edu/BioEdit/ bioedit.html (28)] with closely-related representatives (phylotypes) from NCBI BLASTN (http://ncbi.nlm.nih.gov/blast/), as well as novel complete and partial sequences obtained from GenBank. Phylogenetic relationships were constructed with evolutionary distances (Jukes-Cantor distances) and the neighbor-joining method using the MEGA 5.05 software package (72) . The bootstrap analyses for the phylogenetic trees were calculated by running 1,000 replicates of the neighbor-joining data.
Quantification of tissue cytokine levels. RNA was extracted from distal colonic segments using TRI ZOL extraction reagent (Invitrogen, Burlington, Ontario, Canada), and cDNA synthesized using iScript (Bio-Rad Laboratories, Mississauga, Ontario, Canada) with 750 ng of template RNA. qPCR was performed, as described above, using primers against ␤-actin, interleukin (IL)-10, interferon-␥, and tumor necrosis factor-␣, and normalized against the reference genes GAPDH and proteasome, as previously described (1, 62) .
Bone marrow-derived neutrophil isolation. Murine bone marrowderived neutrophils (BMDN) were isolated from male C57BL/6 mice (77). Briefly, the tibia and femur were harvested and flushed with MEM-␣ (Invitrogen), and the resultant cell suspension centrifuged at 400 g for 10 min. The cell pellet was resuspended in PBS (ϪCa 2ϩ / Mg 2ϩ , pH 7.4; Invitrogen), layered onto a Percoll density gradient (80%/65%/55%; Sigma-Aldrich, Oakville, Ontario, Canada), and centrifuged at 1,000 g for 30 min at 4°C. BMDN at the 80%/65% interface were collected and washed in PBS, and contaminating red blood cells were removed with a brief hypotonic lysis in ice-cold dH2O before NaCl (3.6%) was added. The BMDN were subsequently resuspended in HBSS (ϩCa 2ϩ /Mg 2ϩ ; Invitrogen) and normalized to 1 ϫ 10 6 cells/ml. For all experiments, 1 ϫ 10 5 BMDN were employed. ROS production. ROS production by BMDN, in the absence or presence of fecal bacteria cultures, was quantified by luminol-enhanced chemiluminescence (77) . Briefly, BMDN (1 ϫ 10 5 cells/ reaction) were coincubated with a 10-l aliquot of TS, LB, or MRS broth-cultivated bacterial cultures (or sterile broth alone) from shamor C. rodentium-infected mice and equilibrated in HBSS for 30 min at 37°C in 5% CO2. Luminol (50 M; Sigma-Aldrich) and horseradish peroxidase (1.2 U/ml; Sigma-Aldrich) were added to the reaction, and the resulting chemiluminescence was measured on a microplate reader (Victor X3, Perkin Elmer, Woodbridge, Ontario, Canada).
Quantification and visualization of NETs. BMDN were incubated with TSB, LB, or MRS broth-cultivated fecal bacteria (10 l of 1:10 diluted bacterial cultures, or sterile broth alone) as above, to a final volume of 300 l HBSS in a black 96-well plate (3 h at 37°C in 5% CO2). NET activation by hydrogen peroxide (H2O2) (Sigma-Aldrich) and NET degradation with the addition of DNase (5 units) served as positive and negative controls, respectively. Extracellular DNA released from BMDN were stained with Sytox Green (5 M, Invitrogen), a fluorescent membrane-impermeable DNA dye, and fluorescence was quantified using a microplate reader equipped with filters to detect excitation/emission maxima: 485/520 nm (Victor X3, Perkin Elmer), as previously described (77) . Wells containing both bacteria and neutrophils were normalized against fluorescence emission from wells containing only bacteria.
To visualize NETs, BMDN were plated onto 12-mm poly-L-lysine coated glass coverslips (BD Biosciences, Mississauga, Ontario, Canada) and coincubated with fecal bacterial cultures (3 h, 37°C, 5% CO2). Cells were subsequently fixed with 10% neutral-buffered formalin (45 min at room temperature), washed with PBS, and stored at 4°C. For confocal fluorescence analysis, cells were permeabilized with ice-cold methanol (10 min, Ϫ20°C), and then stained with antibodies against histone H3 (D1H2 XP rabbit monoclonal antibody; Cell Signaling, Denvers, MA) and myeloperoxidase (MPO; mouse monoclonal antibody, R&D Systems, Minneapolis, MN) for 16 h at 4°C. Alexa Fluor 488 goat anti-rabbit secondary antibody (Invitrogen) and Alexa Fluor 532 goat anti-mouse secondary antibody (Invitrogen) were used to visualize histone H3 and MPO, respectively. 4=,6-Diamidino-2-phenylindole (Invitrogen) was used to counterstain for DNA. Cells were mounted with Prolong Gold Anti-fade reagent (Invitrogen), and confocal fluorescence imaging was performed on a Quorum WaveFX Spinning Disk Confocal System mounted onto an Olympus IX81 microscope (Center Valley, PA). Images were acquired using a ϫ10 and ϫ20/0.75 objective, Hamamatsu C9100-13 EM-CCD, and 405-, 491-, and 561-nm laser lines (Hamamatsu City, Japan). Image acquisition was performed using Perkin Elmer Velocity 6.2.1 software. For analysis, three random fields from three separate experiments of each treatment were captured with a ϫ20 objective, and the total area occupied by DNA-and histone H3-stained cells was quantified using ImageJ (77) . Results are expressed as percentage cell area (per field of view) normalized per 100 cells.
Statistical analyses. Data are presented as means Ϯ SE. Comparisons among multiple groups were made using two-way analysis of variance, followed by Tukey's post hoc analysis. Student's t-test was used where indicated. An associated probability (P value of Ͻ0.05) was considered significant.
RESULTS

Selective enrichment of commensal gut bacteria protects against colitis.
An acetate-rich culture medium (MRS broth) was used to enrich lactobacilli present in the murine healthy commensal gut microbiota. DGGE and sequence analysis of the bacterial culture (L-MRS) confirmed the predominance of Lactobacillus murinus (Fig. 1A, band c) , which, in C57BL/6 mice, constitutes up to 72% of the culturable intestinal content (57) . In fecal pellets of healthy mice, multiple bands corresponding to members of the Bacteroides genus were identified (Fig. 1A, band 1 , Bacteroidales bacterium; band 2, Parabacteroides sp).
To investigate the capacity of the lactobacilli-enriched bacterial culture (L-MRS) to protect against infectious colitis, mice were administered PBS, MRS broth (MRS), or L-MRS once daily, for 7 days. Mice were then infected with C. rodentium (or sham infected) and killed after 10 days. While there were no differences in colonic and crypt lengths of sham-infected mice, C. rodentium-infected mice given PBS had significantly shorter colons (P Ͻ 0.001 vs. PBS shaminfected; n ϭ 12/group) than those administered L-MRS or MRS (P Ͼ 0.05 vs. L-MRS and MRS sham-infected mice; n ϭ 12/group) (Fig. 1B) . Moreover, C. rodentium-induced crypt hyperplasia in PBS-gavaged mice was significantly greater compared with mice administered L-MRS (P Ͻ 0.05; n ϭ 8/group) (Fig. 1C) . No differences in crypt length were found between sham-or C. rodentium-infected mice treated with L-MRS or MRS (P Ͼ 0.05; n ϭ 8/group). Representative low (ϫ10) and higher magnification (ϫ40) images of hematoxylin and eosin-stained colonic sections from sham-and C. rodentiuminfected mice are shown in Fig. 1D . Epithelial disruption and adherent bacteria (42) (orange arrowheads) are visible in the colonic sections of PBS-treated C. rodentium-infected mice, and to a lesser extent the MRS-treated, but not L-MRS-treated mice, and are corroborated by the histopathology scores shown in Fig. 1E (n ϭ 8/group) . In contrast, mice administered commercially available LGG for 7 days before C. rodentium infection (Fig. 1F) were not protected from crypt epithelial cell hyperplasia (P Ͼ 0.05; n ϭ 5/group).
Commensal lactobacilli bacteria ameliorate epithelial barrier dysfunction and intestinal inflammation. Increased intestinal epithelial cell permeability with C. rodentium infection contributes to enhanced bacterial translocation and activation of the host proinflammatory response (69) . As expected, dextran flux was significantly elevated in PBS-treated, C. rodentium-infected mice ( Fig. 2A , P Ͻ 0.01 vs. PBS sham-infected; n ϭ 4 -6/group). By contrast, mice administered either L-MRS or MRS for 7 days before C. rodentium infection had serum dextran levels comparable to those of sham-infected mice (P Ͼ 0.05; n ϭ 4/group). In line with the protective effects of L-MRS and MRS administration, distal colonic expression of the proinflammatory cytokines interferon-␥ and tumor necrosis factor-␣ were significantly reduced in these groups following C. rodentium infection, compared with PBS-treated, C. rodentium-infected mice (P Ͻ 0.0001; n ϭ 4/group) (Fig. 2B) . IL-10 expression levels remained unchanged between study groups.
Protection against C. rodentium-associated intestinal dysbiosis and pathogen colonization. To assess alterations in gut microbial composition, fecal pellets were collected from mice before PBS, MRS, or L-MRS administration (day 0) and 10 days after sham or C. rodentium infection (day 17). There were no significant compositional differences (Gammaproteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, and Lactobacillus) between each of the treatment groups before initiation of the treatment protocol (P Ͼ 0.05; n ϭ 3-4/group, Fig. 3A, top) . Following C. rodentium infection, a 10.1 Ϯ 2.4-fold increase in Gammaproteobacteria and 6.5 Ϯ 1.6-fold increase in Actinobacteria was observed in mice treated with PBS (P Ͻ 0.05 vs. PBS sham-infected mice; n ϭ 3-4/group, Fig. 3A, bottom) . In contrast, levels of Gammaproteobacteria and Actinobacteria were not significantly different in mice administered MRS or the lactobacilli-enriched bacterial culture, whether sham or C. rodentium infected (P Ͼ 0.05; n ϭ 3-4/group). Interestingly, Lactobacillus levels in MRS-treated, C. rodentium-infected mice were elevated 4.0 Ϯ 1.0-fold (P Ͻ 0.05; n ϭ 3-4/group) compared with the sham-infected counterparts. Hierarchical cluster analysis of the 16S bacterial community fingerprint is presented in Fig. 3B , where, at day 17, bacterial communities from the C. rodentium-infected mice administered L-MRS clustered alongside sham-infected mice (66.7% similarity), and separately from C. rodentium-infected mice administered PBS or MRS (37.4% similarity). Intensity of band A, identified as dcrB, a major facilitator superfamily protein unique to C. rodentium (59) , was reduced in L-MRS-treated, C. rodentiuminfected mice compared with PBS-and MRS-treated counterparts. Results from sequence analysis of bands 1-4 are presented in a phylogenetic tree (Fig. 3C) .
Analysis of fecal espB mRNA, employed as an indication of C. rodentium colonization, revealed a significant reduction in espB in mice administered the lactobacilli-enriched culture (0.23 Ϯ 0.1-fold change, P Ͻ 0.05; n ϭ 7-8/group) compared with mice administered PBS (Fig. 3D) . These observations are in line with observed relative changes in levels of Gammaproteobacteria. espB was undetectable in fecal pellets obtained from shaminfected mice. Together, these data indicate that C. rodentium had a reduced capacity to colonize the murine gut in the presence of L-MRS, and that the lactobacilli-enriched culture conferred protection against C. rodentium-induced dysbiosis.
Bacterial communities cultivated from C. rodentium-infected mice stimulate neutrophil ROS production. The primary function of intestinal neutrophils is to kill invading microbes that have traversed the epithelial barrier; however, aberrant neutrophil recruitment and activation also play a role in intestinal pathologies (20, 25) . To delineate the effects of dysbiotic microbial communities on neutrophil function, subsets of intestinal bacteria from either sham-or C. rodentium-infected mice were cultivated (in TS, MRS, or LB broth), and their capacity to activate neutrophils investigated.
Hierarchical cluster analysis of the bacterial communities cultivated from sham-and C. rodentium-infected mice is shown in Fig. 4A . Three distinct cluster profiles emerged in the dendrogram. All bacterial cultures that were cultivated in MRS broth (whether from sham-or C. rodentium-infected mice) clustered closely together (Ն87.9% similarity); TS and LB broth-cultivated bacteria from sham-infected mice, as well as lactobacilli-treated, pathogen-infected mice clustered together (Ն47.4% similarity), whereas TS and LB broth cultivated bacteria from C. rodentium-infected mice administered PBS or MRS clustered separately (22.9% similarity with the other Fig. 4B . In sham-infected mice, L. murinus (band c) was absent or below the threshold of detection from mice administered PBS (TS, LB, MRS broth cultivation), whereas in groups that were administered either MRS or L-MRS, the relative abundance (band intensity) was increased. These observations indicate that the lactobacilli-enriched bacterial culture successfully colonized the recipient mice. Moreover, detection of L. murinus in sham-infected mice administered MRS broth highlights the capacity of the nutrient-rich media to support the growth of lactobacilli in vivo. Interestingly, C. rodentium infection further increased L. murinus in all treatment groups. While expansion of L. murinus has previously been reported during dysbiosis (4), our results suggest that this likely confers protective effects.
The capacity of the bacterial populations to mobilize neutrophil ROS production was investigated. LB broth-cultivated bacteria (containing predominately E. coli) from sham-infected mice administered PBS or MRS activated BMDN ROS production (P Ͻ 0.05 vs. BMDN alone; n ϭ 8/group) (Fig. 5A) . In contrast, MRS broth-cultivated bacteria had no effect on ROS production (P Ͼ 0.05 vs. BMDN alone; n ϭ 8/group). In mice infected with C. rodentium, both TS-(containing E. coli and lactobacilli) and LB-cultivated bacteria from mice treated with PBS (P Ͻ 0.05 vs. BMDN alone, n ϭ 8/group) elicited more ROS than mice administered L-MRS (P Ͻ 0.05; n ϭ 8/group).
Together, these results demonstrate that intestinal dysbiosis in response to C. rodentium infection, particularly TS and LB broth-cultivated communities, has the capacity to activate neutrophil ROS production; however, this can be ameliorated by treatment with the lactobacilli-enriched bacterial culture.
While the capacity of neutrophils to mobilize ROS was increased in the presence of the dysbiotic bacterial communities, this did not translate to an imbalance in redox status in vivo. Analysis of distal colonic lipid peroxidation levels, a measure of oxidative stress, revealed no differences between sham-and C. rodentium-infected mice (P Ͼ 0.05; n ϭ 4/group) (Fig. 5B) .
Intestinal bacteria activate NETs. Given the key role of ROS in the activation cascade of NETs, we next investigated the capacity of NETs to be elicited by the TS, LB, and MRS broth-cultivated bacterial communities from C. rodentiuminfected mice. Fluorescent detection of extracellular DNA (using a cell-impermeable, DNA-intercalating dye, SYTOX green) was used to quantify NET release. As shown in Fig. 6A , TS broth-cultivated bacteria from pathogen-infected mice (administered PBS, MRS broth, or L-MRS) elicited robust weblike NET formation (P Ͻ 0.05 vs. BMDN alone; n ϭ 8/group). In contrast, MRS broth-cultivated bacteria did not induce NETs (P Ͼ 0.05 vs. BMDN alone; n ϭ 8/group). Data are presented as %total DNA, and the addition of H 2 O 2 and DNase served as positive and negative controls, respectively. Representative images of NETs activated by TS, MRS, and LB-broth cultivated bacterial populations are shown in Fig. 6B (left) , stained with antibodies against histone H3 (green), MPO (red), 37°C ) and evaluated by DGGE and cluster analysis. Fecal communities clustered in 3 distinct groups: MRS broth cultivated bacteria (Ն87.9% similarity), TS and LB broth cultivated bacteria from sham or C. rodentium-infected mice treated with the lactobacilli-enriched culture (Ն47.4% similarity), and TS and LB broth cultivated bacteria from C. rodentiuminfected mice administered PBS or MRS (Ն70.5% similarity). Band A, dcrB, which encodes a C. rodentium-specific protein, was present in TS-and LB-cultivated bacterial cultures, but not the MRScultivated bacterial cultures of pathogen-infected mice. SAB, similarity coefficient. B: sequencing results of bands a-c are presented in the phylogenetic tree. IBD, inflammatory bowel disease. and the DNA counterstain 4=,6-diamidino-2-phenylindole (blue), and quantified in Fig. 6B (right) .
DISCUSSION
The intestinal microbiota plays a key role in shaping the host immune system. Perturbations in microbial composition (for example, following antibiotic exposure or as occurs during acute mucosal infections) render the host more susceptible to intestinal pathogens (67, 79) and disease in later life (58, 65) . Significantly, intestinal dysbiosis is a hallmark of a number of inflammatory, metabolic, and infectious diseases (38, 58, 74, 75) and provides, therefore, a compelling therapeutic target to restore health and homeostasis.
In this study, we utilized commensal gut microbes resident in the healthy murine host to selectively cultivate a population of lactobacilli-enriched bacteria. We hypothesized that, by initially expanding the population of commensal beneficial bacteria in recipient mice, the capacity of C. rodentium to colonize and induce intestinal dysbiosis would be inhibited. The amino acid-and nitrogen-rich selective media (15) employed supports the growth of gut lactobacilli and contains acetate, magnesium, and manganese, which provide essential growth factors, while inhibiting the replication of other bacteria (64, 68) . Our results demonstrate that the lactobacillienriched bacterial cultures dramatically protect against pathogen infection and dysbiosis. Inhibition of C. rodentium colonization was confirmed using a combination of molecular and histological protocols, including quantification of Gammaproteobacteria, and detection of espB and dcrB levels. Moreover, these effects were replicated, albeit to a lesser extent, with administration of the selective culture media alone, indicating that the nutrient-supplemented environment of the intestine was skewed to support the growth of beneficial lactobacilli in vivo. Indeed, the Lactobacillus genus, along with Bifidobacteria, represents a source of lactic acid-producing probiotic bacteria (22) . Reported benefits of lactobacilli include their ability to activate the host immune system, prevent the duration and intensity of diarrheal episodes, enhance colonization resistance, and produce bacteriocins (pathogen inhibitory compounds) (76, 80) . Importantly, the time point of administration is crucial in determining the outcome of infection: beneficial lactobacilli have previously been shown to protect against infectious colitis when administered up to 3 days after pathogen challenge (63) . Sequence analysis of the beneficial bacterial cultures confirmed the predominance of L. murinus, which, alongside L. reuteri, constitutes up to 72% of culturable lactobacilli present in the intestinal content of C57BL/6 mice (57). Given their ability to survive low pH and bile salts, lactobacilli stably colonize the intestinal tract, with the number of resident Lactobacillus species reported to correlate negatively with susceptibility to colitis (57) . L. murinus is one of eight bacterial species (collectively termed altered Schaedler's flora) used to restore cecal morphology of germ-free mice to a structure more comparable to specific pathogen-free mice (18) . L. murinus produces a number of low-molecular-weight anti-microbial compounds (54) . It has been reported to protect against Salmonella Typhimurium invasion of epithelial cells in vitro, and, when used in combination with other probiotic strains, L. murinus alleviates symptoms of S. Typhimurium infection and reduces pathogen shedding in infected pigs in vivo (7, 8) .
Whereas C. rodentium infection typically induces marked intestinal dysbiosis and overgrowth of the murine pathogen (43) , our analyses of the gut microbial composition revealed no changes in Gammaproteobacteria levels in mice administered L-MRS. Enhanced nitrate levels (78) and Paneth cell death (61) are thought to contribute to Gammaproteobacteria expansion, with increased levels of E. coli, but not commensals (such as bacteria from the Bifidobacteria and Lactobacillus/Lactococcus genera), found in proximity to the intestinal epithelium of pathogen-infected mice (51) . Aside from promoting colonization resistance to prevent C. rodentium colonization of the colon, lactobacilli-enriched cultures may also confer protection through modification of the metabolic landscape (76) . L. paracasei and L. rhamnosus modify a number of metabolic parameters, including production of short-chain fatty acids (46) . Recent evidence highlights the role of succinate, produced by the commensal symbiont Bacteroides thetaiotaomicron, in potentiating C. rodentium virulence (12) . Induction of the succinate-to-butyrate pathway has also been reported to promote proliferation and colonization of the enteric pathogen Clostridium difficile (19) . While lactobacilli and E. coli contribute to the accumulation of succinate in antibiotic-associated diarrhea (73) , our results demonstrate that selective nutritionsupported growth of beneficial bacteria effectively restricted the proliferation and colonization of the murine pathogen C. rodentium. Moreover, indexes of epithelial barrier dysfunction, mucosal inflammation, and intestinal dysbiosis were preserved in the setting of pathogen challenge and comparable to shaminfected mice. Interestingly, Lactobacillus levels were increased in the MRS-treated, C. rodentium-infected mice, but not sham-infected mice, 10 days postinfection. Although lactobacilli have been reported to be increased during intestinal dysbiosis (4), the underlying mechanism remains unclear. In support of the superior protective effects of the commensal gut flora, it is noteworthy that the lactobacilli-enriched bacterial community afforded greater protection than L. rhamnosus strain GG alone.
Neutrophils play a major role in microbial clearance. They are recruited to the intestine by IL-17A (52) and are required for the immobilization and killing of expanding Gammaproteobacteria populations during intestinal infections (51) . Absence of MyD88-dependent neutrophil recruitment and mobilization during C. rodentium infection result in exacerbated disease and are characterized by a failure to control pathogen colonization and dissemination beyond the gut (40) . Given that C. rodentium induces a self-resolving colitis (the murine pathogen is cleared from the intestinal tract by 6 wk postinfection in immune-sufficient animals) (2), it serves as a model to investigate interactions between a transient dysbiotic bacterial community and neutrophils.
Neutrophils are well-equipped to combat infection and readily liberate NETs to capture, contain, and kill bacteria (5, 11, 49, 83) . Composed predominantly of decondensed chromatin, these weblike extracellular structures are highly decorated with antimicrobial histones and granular proteins, including elastase and MPO (56) . The release of NETs results in auto cell death (lytic NETosis) (5, 23, 26) ; although neutrophils can also retain host defense functions (vital NETosis), such as recruitment, chemotaxis, and phagocytosis (11, 60, 83) . Importantly, while the inability to mobilize NETs is associated with persistent and recurrent infections (3, 23) , excessive release of cell-free DNA and proteases, on the other hand, can damage surrounding cells and contribute to disease pathology (27, 35) . In the context of the intestine, the differential capacity of commensal and pathogenic bacteria to activate NETs likely serves to minimize bystander injury (77) . Our laboratory previously reported that enterohemorrhagic E. coli strain CL56 and adherent-invasive E. coli strain LF82 robustly activate NETs in vitro, whereas commensal E. coli strains had no effect (77) . In the present study, we used the C. rodentium model of colitis to investigate the capacity of dysbiotic bacterial communities to induce NETs.
To delineate which populations of gut bacteria activate neutrophils and elicit NET formation, we cultivated subsets of bacteria using selective culture media: TS broth to cultivate both beneficial and potentially pathogenic gut bacteria (lactobacilli and E. coli); LB broth to cultivate E. coli; and MRS broth to promote the growth of lactobacilli. We hypothesized that the overall balance in immunosuppressive vs. immunostimulatory effects of the gut microbial communities would determine the extent of neutrophil activation. Indeed, in support of this premise, we demonstrate the capacity of the LB broth-cultivated bacteria (from PBS-and MRS-treated, sham-infected mice), but not the TS broth-cultivated community, to induce oxidative burst from BMDN. MRS broth-cultivated bacterial communities failed to mobilize ROS.
The ability of subsets of the commensal gut microbiome to activate neutrophils highlights the ease with which potentially aggressive bacteria, in the presence of select environmental pressures, can bloom to become pathobionts (33) . Infection with C. rodentium dramatically increased Gammaproteobacteria and Actinobacteria levels, which correlated with an increased capacity of all subsets of bacteria from PBS-treated, C. rodentium-infected mice to enhance ROS production in BMDN. By contrast, bacterial populations derived from pathogen-infected mice treated with the lactobacilli-enriched culture had no effect on BMDN, providing further experimental support for the beneficial effects of this bacterial population. Indeed, NETs can be activated by a variety of stimuli, including cell-to-cell interactions (11) , phorbol esters, fungi, parasites, microbial components such as LPS, and ROS (6) . In this study, we have shown that TS broth-cultivated bacteria from each of the three C. rodentium-infected treatment groups robustly form NETs, despite lack of ROS mobilization in mice administered a lactobacilli-enriched culture. Evidence of ROSindependent activation of NETs has been reported previously (60) in response to Staphylococcus aureus. However, it is noteworthy that MRS-cultivated lactobacilli from each of the three treatment groups failed to induce NETs. Our laboratory previously reported that L. rhamnosus, strain GG, effectively inhibits microbial and pharmacological activation of NETs (77) , mediated in part by antioxidative activity.
In summary, in this study, we demonstrate that expansion of commensal gut lactobacilli communities, by either selective reconstitution or nutritional supplementation, protects against C. rodentium infection and colitis. During dysbiosis, neutrophils encountering intestinal bacteria can be activated to form NETs. In the context of an inflamed intestine, the induction of NETs likely serves to bolster host innate immune responses to potentially invasive bacteria, whether pathogens or commensals. 
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
AUTHOR CONTRIBUTIONS
Author contributions: L.V. and P.M.S. conception and design of research; L.V., L.J.P., and P.M. performed experiments; L.V., L.J.P., P.M., C.W.Y., and E.L. analyzed data; L.V., L.J.P., C.W.Y., and E.L. interpreted results of experiments; L.V., L.J.P., and C.W.Y. prepared figures; L.V. drafted manuscript; L.V., L.J.P., P.M., E.L., and P.M.S. edited and revised manuscript; L.V., L.J.P., P.M., C.W.Y., E.L., and P.M.S. approved final version of manuscript.
